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Favorable optoelectronic properties and ease of fabrication make NiO a promising hole transport
layer for perovskite solar cells. To achieve maximum efficiency, the electronic levels of NiO need to be
optimally aligned with those of the perovskite absorber. Applying surface modifiers by adsorbing
species on the NiO surface, is one of the most widespread strategies to tune its energy levels.
Alkali halides are simple inorganic surface modifiers that have been extensively used in organic
optoelectronics, however, rarely studied in perovskite solar cells. Using density functional theory
(DFT) calculations, we investigate the effect of single layer adsorption of twenty different alkali
halides on the electronic levels of NiO. Our results show that alkali halides can shift the position
of the valence band maximum (VBM) of NiO to a surprisingly large extend in both directions,
from −3.10 eV to +1.59 eV. We interpret the direction and magnitude of the shift in terms of the
surface dipoles, formed by the adsorbed cations and anions, where the magnitude of the VBM shift
is a monotonic function of the surface coverage. Our results indicate that with alkali halide surface
modifiers, the electronic levels of NiO can be tuned robustly and potentially match those of many
perovskite compositions in perovskite solar cells.
I. INTRODUCTION
In the last decade, organic-inorganic halide perovskites
have emerged as a promising, low-cost alternative to sil-
icon for solar cell applications.1 Their ease of fabrica-
tion combined with outstanding optoelectronic proper-
ties, such as a tunable optical bandgap2 and a high ab-
sorption coefficient,3 make perovskite solar cells (PSCs)
one of the most attractive photovoltaic technologies. Ow-
ing to these favorable properties and to the intensive ef-
forts from the scientific community, the power conversion
efficiency (PCE) of PSCs has risen rapidly from 3.8%4 to
25.2%5 over the past ten years. However, the commer-
cialization of PSCs is hindered by their poor long-term
stability.6–8
PSCs comprise a perovskite absorber and several sur-
rounding layers, including electrodes and charge trans-
port layers. The appropriate energy alignment of all lay-
ers is important to achieve high PCE, while the stability
of each layer and their interfaces determine the overall
stability of the device. To find the ideal charge transport
layers that meet both the electronic as well as the stabil-
ity requirements is challenging. For example, the most
widely used hole-transport layers (HTLs), such as Spiro-
OMeTAD and PEDOT:PSS, yield high PCEs, however
lead to long-term instability issues due to their organic
nature.9 In order to overcome this issue, attention has
been recently drawn to substituting the organic HTLs
with affordable inorganic conductors.10 Because a HTL
typically requires a material with a very high work func-
tion, many of the common conductors in this role are
p-doped metal oxide semiconductors. One such candi-
date is nickel oxide (NiO).11 NiO is a p-type semiconduc-
tor with a wide bandgap (> 3.5 eV)12 and its electronic
levels favorably align with the most studied perovskite,
MAPbI3.
13 Indeed, PSCs using NiO as HTL exhibit an
improved photo- and thermal stability14 and a PCE that
can exceed 20%.15,16
Despite the advantages of NiO, several challenges re-
main, including a low hole conductivity,17 poor contact18
and an unoptimized band alignment between NiO and
the perovskite absorber.19 A common strategy to over-
come the contact problem is by inserting a thin contact
layer of a material that improves the chemical bond-
ing between HTL and perovskite.18 At the same time,
this contact layer modifies the band offset between HTL
and perovskite,20 which is an important design parame-
ter. The need to optimize this parameter has increased
as novel perovskite materials are constantly being devel-
oped.
Since the first PSC were made in 20094 using MAPbI3
as the absorber, the perovskite formula has now become
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2quite complex. New compositions, like mixed-halide,21,22
double23,24 and triple-cation25,26 or 2D perovskites,27–29
have emerged in an attempt to achieve higher efficiency
and long-term stability. Aside from that, there are appli-
cations, where perovskites with rather different optoelec-
tronic properties are needed. For instance, tandem so-
lar cells, i.e., stacks of Si and perovskite subcells,30,31 or
stacks of all-perovskite subcells,32–34 require both wide-
and low-bandgap perovskites. This diversity necessitates
the ability to properly control the electronic levels and
band positions of the HTL for each application.35
Most of the contact layers that have been applied
to NiO/perovskite consist of organic molecules, such as
DEA18 or PTAA,36 both of which lead to enhanced
perovskite crystallinity and an improved electronic level
alignment. Organic layers are likely to lead to similar
stability problems as organic HTLs, however. In this re-
spect, inorganic layers may be a more obvious choice. In
particular, alkali halides (AXs), may be an interesting
option. Alkalis and halogens are already part of PSCs;
some of them (Cs, I and Br) as components of the per-
ovskite, while others can be incorporated as dopants (Rb,
K, Na, Li, Cl and F), with a positive effect on the sta-
bility of the perovskite.37–40 In addition, a variety of AX
salts has been extensively used as passivating interlayers
in organic optoelectronics.41–44
In only few studies have AXs been implemented in
PSCs, mainly as interface modifiers between the absorber
and the TiO45 or SnO2
46 electron-transport layers, while
more recently, NaCl and KCl were successfully imple-
mented in PSCs with NiO as the HTL.15 In the afore-
mentioned studies, the improved stability and device per-
formance were primarily attributed to defect passivation,
whereas changes in the electronic levels of the oxides were
observed, but not extensively analyzed. Clearly, NiO sur-
face modification with AXs is a very promising option
toward better PSCs and a systematic study is needed
in order to understand how these AX layers affect the
electronic levels of the oxide.
In this work, we perform density functional theory
(DFT) calculations in order to study the effect of AXs
on the electronic levels of NiO. Twenty different AXs are
adsorbed on the NiO(100) surface and the effect of such
an adsorption on the oxide’s electronic levels is investi-
gated. The dipoles created at the surface of NiO upon the
adsorption of AX result in a shift of the oxide’s valence
band maximum (VBM). This shift can be either nega-
tive or positive, ranging from −3.10 eV to +1.59 eV. We
show that the direction and magnitude of the shift is de-
termined by the relative position of the adsorbed alkalis
and halides, which in turn depends on the specific com-
bination of alkali and halogen and the surface coverage.
Our results demonstrate that AXs are excellent surface
modifiers for NiO, since they enable us to tune the VBM
of the oxide within a wide range, for optimal alignment
with any perovskite material for solar cell applications.
II. COMPUTATIONAL DETAILS
Density Functional Theory calculations were per-
formed using the Projector Augmented Wave (PAW)
method as implemented in the Vienna Ab-Initio Sim-
ulation Package (VASP).47–50 The electronic exchange-
correlation interaction was described by the functional
of Perdew, Burke, and Ernzerhof (PBE) within the spin-
polarized generalized gradient approximation (GGA).51
Energy and force convergence criteria of 10−5 eV and
2× 10−2 eV/A˚ respectively were used in all calculations.
In order to properly describe the electronic properties
of the strongly correlated NiO, the DFT+U method, as
proposed by Dudarev et al.52,53 was employed. After ex-
tensive testing, a Hubbard parameter of 6.3 eV and an
exchange parameter of 1 eV was chosen, which corre-
sponds to the values used in previous studies.52–54
For the geometry optimization of bulk NiO, a unit cell
of 4 atoms was used, accounting for the oxide’s anti-
ferromagnetic (AFM) ordering along the (111) direction.
A kinetic energy cutoff of 500 eV and a (12 × 12 × 12)
Γ-centered k-point grid were employed. The calculated
lattice parameter a = 4.18 A˚ is in good agreement with
the experimental value, a = 4.17 A˚.55 To model the (100)
NiO surface, 4-layer slabs were used with a 2× 2 square
surface supercell, and a vacuum region of 14 A˚ separat-
ing the slabs. The slab calculations were performed with
a (3×3×1) Γ-centered k-point grid and a kinetic energy
cutoff of 400 eV. A dipole correction was employed to
avoid interaction between periodic images.56
The adsorption energies Eads of the AXs on NiO were
calculated as
Eads =
(
ENiO/nAX − ENiO − nEA − n
2
EX
)
/n, (1)
where ENiO/nAX, ENiO, EA and EX are the DFT to-
tal energies of NiO with n adsorbed AX pairs per sur-
face supercell, the clean NiO surface, the alkali metal in
its bcc structure and the halogen molecules, respectively.
Note that, according to Eq. (1), a negative value for Eads
means that adsorption is energetically advantageous.
For ease of reference, we have also calculated the for-
mation energies of the AX salts
EAX = EAX,total − EA − 1
2
EX, (2)
with EAX,total the total energy of the AX salt; fcc struc-
tures were used for the latter, except for CsCl, CsBr
and CsI, which crystallize in a bcc structure. For the
alkali metals, halogen molecules and AX salts, calcula-
tions were performed with the same kinetic energy cutoff
and k-point grid as in the case of bulk NiO.
The shift of the VBM is defined as the change of the
position of NiO’s VBM with respect to the vacuum, upon
adsorption of AX. Our sign convention is that, when the
VBM moves closer to the vacuum level, the correspond-
ing shift is negative. To determine the vacuum level,
the electrostatic potential V (x, y, z) was averaged in the
3(x, y) plane (parallel to the surface of NiO) and plotted
as a function of z.
V¯ (z) =
1
A
∫∫
S
V (x, y, z)dxdy, (3)
with S the surface supercell, and A the area of that cell.
Approaching the vacuum region, V¯ (z) becomes constant,
which defines the vacuum level, as illustrated in Fig. 1.
FIG. 1. Planar averaged potential V¯ (z), Eq. (3), of a NiO
slab covered on one side by 1/8 ML CsF, with respect to the
energy of the VBM. The vacuum levels on the clean side of
the slab (left), and the CsF covered side (right) are then 5.44
eV and 3.65 eV, respectively.
III. RESULTS AND DISCUSSION
The contact layers between the HTLs and the per-
ovskites should be as thin as possible, as they usually
consist of insulating materials, and charge transport pro-
ceeds via tunneling through these layers. We therefore
consider coverages of the NiO(100) surface of ≤ 1 mono-
layer (ML) alkali halide AX. We study all possible com-
binations of the alkali and halogen elements, resulting in
twenty different AX compounds. To establish possible
bonding geometries we first consider a low coverage of
1/8 ML, and then increase the coverage to maximally 1
ML.
A. 1/8 ML AX Coverage
At 1/8 ML coverage we have one alkali and one halo-
gen atom per 2×2 NiO(100) surface supercell comprising
8 Ni and 8 O atoms. The most stable positions of the
adsorbants correspond to placing the alkali atom over an
O atom and the halogen atom over a Ni atom of the sub-
strate. To obtain the most stable bonding configuration,
two different cases are tested. In one case, the halogen
is placed far from the alkali, so that the interaction be-
tween the two is kept to a minimum. In the other case,
the distance between the ions is such that a bond can
be formed between them. The latter turns out to be the
most energetically favorable for all alkali halide combina-
tions. The alkali and halide species adsorb dominantly as
ions, with Bader57 charges of +0.85± 0.02e on the alkali
ions, and −0.74± 0.06e on the halide ions.
As an example, Fig 2 shows the atomic structure of
NiO with a NaBr pair adsorbed on its surface. For
all twenty AXs, the 1/8 ML adsorption configuration is
qualitatively similar to that of NaBr, with the ions ad-
sorbed on nearest neighbor Ni and O atoms, except for
CsI, where the large size of the ions requires them to
be adsorbed on next-nearest neighbor Ni and O atoms.
The nearest neighbor Ni-O distance (2.09 A˚) is smaller
than the corresponding alkali-halide distance in the AX
salts, with the exception of LiF. Not surprisingly then,
the bond length of the adsorbed AX pair is 7.7% to 17.2%
shorter than in the corresponding AX salt, with the de-
viations increasing for the larger ions. The exception is
again CsI, where the bonding distance between Cs and I
is 3.5% larger than in the CsI salt.
As for the bonds that alkalis and halogens form with
O and Ni, they vary from 1.84 A˚ to 3.23 A˚ for alkalis and
1.98 A˚ to 2.87 A˚ for halogens, increasing with the size of
the alkali and halide ions. Depending on the particular A
and X combination, the alkali ion A can either be further
away from the NiO surface or closer to it, than the halo-
gen ion X. The relative distance of the A and X ions from
the surface strongly influences the electronic levels of the
oxide, as will be shown below. The adsorption of AXs on
NiO has only small effects on the atomic geometry of the
oxide’s surface, demonstrated by small changes (within
0.21 A˚) in the interatomic distances of surface Ni and O
atoms.
The adsorption energies Eads, Eq. (1), for the various
AX pairs are shown in Fig. 3(a). The four halides follow
an almost identical trend for varying alkalis. More specif-
ically, for a given halogen, Na yields the highest adsorp-
tion energy, with NaI exhibiting the highest adsorption
energy among all AXs (−2.00 eV), while the adsorption
energy decreases as we move from Na to Cs. Remarkably,
the adsorption energies of the fluorides are conspicuously
lower than those of the other halides. The adsorption
energies for the remaining halides are very close, but for
a given alkali, I always yields the highest adsorption en-
ergy, followed by Br and then Cl. Of all combinations,
LiF yields the lowest adsorption energy of −4.80 eV.
To understand these trends, one can have a look at the
formation energies of the AX salts, EAX, Eq. (2), shown
in Fig. 3(b). A slight difference between the trends in the
AX adsorption energy Eads and the AX formation energy
EAX, is that the LiX compounds have a relatively lower
Eads, explained by the strong ionic bond formed between
the small Li ion and an O atom of the substrate. Like-
wise, in the series from Na to Cs for a fixed halide Eads
is decreasing (more) than EAX, which we suggest origi-
4FIG. 2. Geometry of NaBr (top) and CsI (bottom) adsorbed
on NiO(100) at 1/8 ML coverage, with side and top views on
the left, respectively the right.
nates from the alkali becoming increasingly electroposi-
tive down the series, making it easier to oxidize it by the
substrate, decreasing the energy.
Next, we focus on the effect of AX adsorption on the
electronic levels of NiO. The VBM shift corresponds to
the difference in vacuum levels between a clean NiO sur-
face and a NiO surface with an adsorbed AX pair, see
Fig. 1 (in practice, we obtain the two vacuum levels from
two separate calculations). Fig. 4(a) shows the VBM
shift ∆Vtotal caused by the adsorption of the various AXs.
As can be seen from the graph, the adsorption of differ-
ent AXs can shift the VBM closer to the vacuum level or
further from it, spanning a surprisingly large range of 2.5
eV. In general, the shift decreases from I to F and from
Li to Cs. The shift goes from +0.72 eV (LiI) to −1.79
eV (CsF), where LiCl, LiBr, LiI and NaI cause positive
shifts, NaBr gives an almost zero shift, while the rest of
the compounds leads to negative shifts. The VBM shift
caused by fluorides stands out by being significantly more
negative than that of the rest of the halides. Indeed, fluo-
rides give only negative shifts, whereas other halides can
move the VBM to higher or lower energies, depending on
which alkali they are paired with.
In all these cases the position of the VBM is modified
by a potential step resulting from a dipole layer that is
created by the adsorption of the AX pairs. It makes sense
to split ∆Vtotal into two contributions
∆Vtotal = ∆Vpair + ∆Vbond, (4)
where ∆Vpair is the potential step resulting from an iso-
lated AX layer of the same density and structure as the
adsorbed AX pairs, and ∆Vbond results from the redis-
tribution of charge that is associated with the bond for-
mation between the AX pair and the NiO surface. The
FIG. 3. (a) Adsorption energies Eads, Eq. (1), (in eV) AX
pairs on NiO(100) at 1/8ML coverage vs. A = Li, Na, K,
Rb, Cs; the lines guiding the eye are for X = F, Cl, Br, I; (b)
formation energies EAX of the AX salts, Eq. (2).
VBM shift ∆Vpair, as calculated with DFT, is shown in
Fig. 4(b). It is evident that ∆Vpair follows the same
trends as ∆Vtotal; the shift generally decreases from I
to F and from Li to Cs. This means that the overall
trend in ∆Vtotal is primarily determined by the dipole
layer formed by the adsorbed AX pairs. Indeed, ∆Vbond
calculated from Eq. (4), shows a rather uneventful trend
around a mean value of −0.6 eV.
An independent way to calculate ∆Vbond starts from
the charge displacement originating from the adsorption
of the AX pairs. The electron-density difference, ∆ρ,
averaged in the xy plane (parallel to the NiO surface) is
given by
∆ρ(z) = ρNiO/AX(z)− ρNiO(z)− ρAX(z), (5)
where ρNiO/AX is the electron density of NiO with AX
adsorbed and ρNiO and ρAX are the densities of the clean
NiO slab and the AX pair, respectively, using the same
geometry as in the NiO-AX system; ∆Vbond is then given
by
∆Vbond = − e
0A
∫ z1
z0
z∆ρ(z)dz, (6)
where e, 0 and A are the elementary charge, the vac-
uum permittivity and the surface area of the unit cell,
respectively. The lower and upper limit z0 and z1 of the
integration are the middle of the NiO slab, respectively
5FIG. 4. (a) Total VBM shift ∆Vtotal, Eq. (5), caused by AX adsorption on NiO(100) at 1/8 ML coverage; (b) Shift ∆Vpair
induced by the AX layer; (c) Shift ∆Vbond due to charge redistribution upon bond formation between the AX layer and the
NiO substrate.
the middle of the vacuum region. The values of ∆Vbond,
calculated according to eqs. 5 and 6, agree with those
calculated with eq. 4 within 80 meV.
In all cases, the bond between NiO and the AX causes
a negative VBM shift, ranging from −0.72 eV to −0.26
eV. When AXs are adsorbed on NiO, there is electron
accumulation between NiO and the AX and electron de-
pletion in the region of the AX. Such a charge distribu-
tion creates a negative potential step and thus shifts the
VBM to higher energies. ∆Vbond is of similar magnitude
for all AXs, with only a slightly lower magnitude for the
adsorption of fluorides, possibly because F is much more
electronegative compared to the other halogens, which
makes extraction of electrons and corresponding deple-
tion at the F site more difficult.
It should be noted that, in principle, there could be a
third contribution to ∆Vtotal, Eq. (4), which originates
from a change in the geometry of NiO upon the adsorp-
tion of AXs. We have calculated this contribution sepa-
rately and have found it to be minor, ranging from a few
meV up to maximally 70 meV.
B. Dipole Model
We conclude from Fig. 4 that ∆Vpair dominates the
VBM shift ∆Vtotal. As ∆Vpair originates from the dipole
layer formed by the adsorbed AX species, it may be useful
to construct a simple model to explore what distinguishes
the various AX species from one another. Starting from
a dipole per surface unit cell p, and selecting the compo-
nent along the outward normal to the surface, pn = p · nˆ,
then the potential step across the surface (in the outward
normal direction) is given by the Helmholtz expression
∆V = − epn
0A
. (7)
We model the electric dipole moment pn of an AX pair by
a pair of opposite charges of magnitude q separated by a
distance d, pn = qd, where d is the distance between the
ions along the normal direction to the surface of NiO. For
q we use the values obtained from the Bader charge anal-
ysis. The shifts ∆V , calculated from the simple model
of Eq. (7), are shown in Fig. 5, and compared with the
DFT results for ∆Vpair.
Clearly, the simple model captures the overall trends
in the sign and ordering of the values very well, with
only small differences between the exact magnitudes of
the shifts. An extended model that takes polarizabilities
of the ions into account did not improve the results con-
siderably. The success of the simple point charge model
proves that the relative position of the A and X ions pri-
marily determines the size of the dipole caused by the
adsorbed species, and therefore the shift of the electronic
levels of NiO. The trends in ∆V shown in Fig. 4 can be
interpreted in terms of the distances of the adsorbed an-
ions and cations to the NiO surface, which to a large part
are determined by the sizes of these ions.
If the anion X is at a distance from the surface that
FIG. 5. ∆V calculated from the point charge model, Eq. (7).
The corresponding DFT results are presented for comparison
as dotted lines.
6is larger than that of the cation A, the dipole pn points
toward the surface, and the potential step ∆V is positive,
i.e., it becomes more difficult for electrons to leave the
NiO into the vacuum. This situation typically occurs if
the anion X is larger than the cation A. The most extreme
example of this is LiI, which gives a large ∆V ≈ 1.5 eV,
see Fig. 4. If the anion X is closer to the surface than
the cation A, the dipole pn points away from the surface.
The potential step ∆V is then negative, and it becomes
easier for electrons to leave the NiO into the vacuum.
We have this case when the anion X is smaller than the
cation A. Here, the most extreme example of this is CsF,
which gives ∆V ≈ −1.5 eV. If the anion X and the cation
A are of similar size, they will be at a similar distance
from the surface. The pair dipole is then parallel to the
surface, and the normal component pn ≈ 0, which means
that ∆V ≈ 0. This is the case for KBr and CsI, for
instance.
C. Higher AX Coverage
In the previous section we showed that the adsorption
of AXs on NiO can shift the VBM of the oxide over a
range of 2.5 eV even at a relatively small coverage of 1/8
ML. Considering the ionic bonding between the A and
X cations and anions, and between those ions and the
substrate, experimental growth of AX on NiO will likely
lead to higher AX densities on the surface. To study the
effects of coverage densities, we increase the coverage of
the AXs in steps until the maximum that constitutes a
FIG. 6. The four typical adsorption configurations for AX
adsorbed on NiO(100) at 1/4ML coverage; (a) CsI; (b) LiF;
(c) RbCl; (d) KI
FIG. 7. Total VBM shift ∆Vtotal, Eq. (5), caused by AX ad-
sorption on NiO(100) at (blue) full coverage (see main text),
compared to at 1/8 ML coverage (red).
closed single layer for each of the AX compounds. Of
course, the maximum possible coverage depends upon
the size of the A and X ions. For combinations of small
A and X ions, such as LiF and NaF, 1 ML coverage can
be reached. For the other Li salts, NaCl, and KF, 1/2
ML is the maximum coverage, and for all other AXs, 1/4
ML is the maximum coverage (with the supercell we have
used).
For the AX with the largest ions, CsI, doubling the
coverage to 1/4 ML already presents a closed AX ML, as
illustrated by Fig. 6(a). For the other AX compounds,
four different configurations for 1/4 ML coverage were
tested. The most stable configuration depends on the
size of the A and X ions and the AX bond length. The
smaller A and X ions, which form AX salts with lattice
parameters similar to that of NiO, adsorb on neighbor-
ing NiO atoms, as shown in Fig. 6(b). All F, Li and
Na salts, as well as KCl, belong in this category. This is
not feasible for the remaining ion pairs, because of their
larger sizes. In those cases, 1/4 ML coverage results in a
frustrated structure, where AX pairs are adsorbed close
to neighboring O and Ni atoms, and the pairs link to
a zigzag pattern, as shown in Fig. 6(c). For CsBr and
KI, the zigzag pattern involves AX bonds that are par-
allel to the substrate NiO bond, see Fig. 6(d). In all
adsorption configurations shown in Fig. 6, the A and X
ions cluster, which increases the bonding and leads to a
sizable reduction of the adsorption energy, ranging from
0.3 eV to 0.7 eV. Moreover, at 1/4 ML coverage, the AX
bond lengths are generally longer than the corresponding
bonds at 1/8 ML, but shorter than the bonds in the AX
salts, which reflects the transition to a more complete
adsorbed monolayer.
Increasing the coverage affects the electronic levels of
NiO as well. As demonstrated in Fig. 7, the absolute
7FIG. 8. Adsorption configurations of AX on NiO(100) at (a) 1/2 ML coverage (LiF); (b) 1/2 ML coverage (KF); (c) 1 ML
coverage (NaF).
shift of the VBM overall increases for most AXs when
the coverage increases. For instance, at 1/4 ML cover-
age, ∆Vtotal ranges from −2.50 eV for CsF to +0.91 eV
for LiI. Compared with the corresponding numbers for
1/8 ML coverage (−1.79 eV; +0.71 eV), it is clear that
the shifts have become larger. However, the analysis of
the contributions to ∆Vtotal and the simple model for the
dominant contribution ∆Vpair, as explained in the previ-
ous two sections, still holds at higher coverages.
Naively, one would expect that ∆Vpair doubles in mag-
nitude when there are twice as many ion-pair dipoles per
surface area, according to Eq. (7). In reality, although
the contribution is indeed larger for 1/4 ML coverage,
it is not twice as large as for 1/8 ML coverage. This
is due to the fact that the corrugation of the adsorbed
AX layer becomes smaller when going from 1/8 ML to
1/4 ML coverage. This means that the individual AX
dipoles pn become smaller, Eq. (7). A decreasing cor-
rugation in the AX layer reflects that the interaction
within this layer increases with increasing coverage. At
the same time, the charge displacement from the NiO
substrate to the adsorbed AX also increases somewhat.
This is demonstrated by ∆Vbond, averaged over all AX
compounds, goes from −0.51 eV to −0.69 eV, if increas-
ing the coverage from 1/8 ML to 1/4 ML.
The trends in the adsorbed geometry of the AX layer
going from 1/8 ML to 1/4 ML coverage persist at higher
coverages (for the compounds where such a higher cover-
age in a single layer is possible, of course). At 1/2 ML,the
A cations and X anions cluster to form lines, covering one
side of the surface of the NiO 2 × 2 supercell, as shown
in Fig. 8(a). Exception is KF, when the adsorbed A and
X ions form islands, Fig. 8(b), which is probably due to
K being the largest among the ions that can be adsorbed
at this coverage, but it is too large to be embedded in
a line structure. Similarly, increasing the density of the
adsorbed AX layer increases the bonding, and decreases
Eads for most AXs. KF and LiI are exceptions (the ad-
sorption energy is lower for 1/4 ML than it is for 1/2ML
for these AXs), but this probably means that the size of
these AXs is near the limit over which adsorption is not
possible at the respective coverage.
LiF and NaF are the only compounds that can reach
1ML coverage. The Li-F and Na-F bonds are then 2.09 A˚,
the same as the bond lengths between Ni and O atoms
of the substrate. Compared to the AX salt, the Li-F
bond is then expanded from 2.04 A˚, while Na-F bond
is compressed from 2.35 A˚. This is accompanied by a
further expansion of the bonds between the A and X
ions with the substrate, as compared to lower coverages.
Despite these moderate changes in the geometry of the
adsorbed AX layer, the shift of the VBM ∆Vtotal gener-
ally is a monotonic function of the coverage, i.e., its abso-
lute value increases with increasing coverage. Taking all
studied coverages and AXs into account, the VBM can
be shifted over a very large range from −3.10 eV, with
the adsorption of KF, to +1.59 eV, for LiI, both at 1/2
ML coverage.
D. Band alignment to perovskites
To put our results into context, we present in Fig. 9
the energy level alignment of NiO with two prototypi-
cal perovskites, FAPbI3 and FASnI3, and highlight the
effect of alkali halide surface modification. For ease of
comparison, we use experimentally determined positions
of conduction and valence band maxima and discuss the
relative shifts of the levels of NiO upon the adsorption of
alkali halides obtained from our DFT calculations. We
note here that a wide range of values for the energy levels
of NiO and perovskites is reported in the literature due
to several factors, such as the fabrication method, the
exact composition of the materials, and the data analy-
sis method, determining the exact value of each energy
level. Here, we take values from Ref. 13 and Ref. 35 for
NiO and the perovskites, respectively.
As we discussed in the introduction, the valence band
maximum (VBM) of NiO aligns reasonably well with that
of the most studied perovskite, MAPbI3, the VBM of
NiO being 0.5 eV above that of MAPbI3. However, the
most efficient and stable solar cells usually are based on
different perovskite compositions, such as, FAPbI3 and
triple-cation perovskites, FAxMAyCs1−x−yPbIzBr3−z.
8FIG. 9. Band alignment of clean NiO and NiO with AX
surface modification with FAPbI3 and FASnI3 perovskites.
Compared to MAPbI3, the VBM of FAPbI3 lies signifi-
cantly below that of NiO (0.8 eV), which is far from opti-
mal. To avoid a fundamental voltage loss, the two VBM
should be close, < 0.3 eV, with preferably the VBM of
NiO slightly higher in energy. Our calculations indicate
many alkali halides (NaCl, NaF, and KX, RbX, CsX,
X=I/Br/Cl/F) can potentially induce a downshift of the
VBM of NiO, thereby decreasing unfavorably large band
offsets and making the extraction of holes more efficient.
For triple-cation perovskites,
FAxMAyCs1−x−yPbIzBr3−z, we may assume simi-
lar energy level values as in FAPbI3, as the percentages
of Cs, MA, and Br in triple-cation perovskites are
typically small. This means that alkali halides can
also be used to optimize the band alignment of NiO to
those perovskites. Ref. 15 presents such an example,
where NaCl and KCl were used as interlayers between a
triple-cation perovskite and NiO to improve the stability
and efficiency of the solar cells. The work concluded
the improved performance was coming from the better
ordering of the perovskite layer when deposited on top of
the NaCl or KCl modified NiO. We suggest additionally
that, similar to the case of FAPbI3 (Figure 9), the better
energy band alignment due to the presence of KCl could
be another reason for the observed improvement in both
efficiency and stability, as better charge extraction and
transport should mitigate interface degradation and
improve device operation stability.
In contrast to FAPbI3, the VBM of FASnI3 perovskite
lies slightly above that of NiO by 0.1 eV. In order for
NiO to optimally function as a HTL, the position of its
VBM should be ideally pushed slightly upward. For this
purpose, NaI could be used, which at 1/8 ML and 1/4
ML (full) coverage moves the VBM of NiO closer to the
vacuum level by 0.2 eV and 0.4 eV, respectively.
We highlight here another very useful perovskite com-
position, the low band-gap Sn-Pb-based perovskites sum-
marized in Ref. 34, because these perovskites are used
in the top cell in all-perovskite tandem cells. The
VBM of such mixed compounds retains the character of
Sn perovskites,35 implying that one can expect similar
VBMs. Therefore, the strategy we outlined above for
Sn perovskites applies to the Sn-Pb based perovskites as
well.
IV. CONCLUSIONS
Nickel oxide is a very attractive hole transport layer for
use in solar cells based upon hybrid perovskite lead halide
materials. To minimize the band offset with the range of
perovskite materials available, it would be advantageous
if one could manipulate the relative position of the va-
lence bands. In this paper we have investigated achieving
this goal by adsorption of a layer of alkali halide (AX; A
= Li, Na, K, Rb, Cs; X = F, Cl, Br, I) onto NiO, using
density functional theory calculations. We find that it is
possible to vary the energy position of the NiO valence
band maximum (VBM) within a remarkably large range
of 4.70 eV.
The extreme cases are KF, which moves the VBM up-
wards by 3.10 eV, and LiI, which moves the VBM down-
wards by 1.59 eV, with all other alkali halides leading
to values within this interval. Analyzing the VBM shift,
we find that the dominant contribution emerges from the
dipole layer that is formed by the adsorbed alkali halide
species. Representing this layer with a simple dipole
model, we show that the direction and magnitude of the
shift mainly originate from the relative distance with re-
spect to the NiO surface of the adsorbed ions, as well as
their adsorption density.
Our results indicate that alkali halides are promising
surface modifiers for NiO, providing us with the abil-
ity to control the valence band offset between NiO and
perovskite materials, which in turn could lead to better,
more efficient conversion of solar energy.
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